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Introduction:
The International Association for the Study of Pain defines pain as “an unpleasant
sensory and emotional experience associated with actual or potential tissue damage, or described
in terms of such damage”.16 This description indicates the perception of pain as a subjective
experience that includes both affective and sensory that is not necessarily connected to tissue
damage. After an initial insult to the body, acute or nociceptive pain is a normal part of the
physiological process that is protective and aids in healing, as well as the return to homeostasis.
However, if prolonged noxious input becomes chronic and continues sending signals to the
affected area in the absence of a painful stimulus, the central nervous system becomes
hypersensitive and this negatively impacts the ability to tolerate pain. This maladaptive process
is called “central sensitization,” which “represents an enhancement in the function of neurons
and circuits in nociceptive pathways caused by increases in membrane excitability and synaptic
efficacy as well as to reduced inhibition and is a manifestation of the remarkable plasticity of the
somatosensory nervous system in response to activity, inflammation, and neural injury.”6 This
ultimately contributes to the development and preservation of chronic pain, in which the
individual experiences sensitivity to pain from non-threatening stimuli. “Studies in clinical
cohorts reveal changes in pain sensitivity that have been interpreted as revealing an important
contribution of central sensitization to the pain phenotype in patients with fibromyalgia,
osteoarthritis, musculoskeletal disorders with generalized pain hypersensitivity, headache,
temporomandibular joint disorders, dental pain, neuropathic pain, visceral pain hypersensitivity
disorders and postsurgical pain.”18
A commonly used paradigm to measure the level of sensitivity to pain is conditioned pain
modulation (CPM). “In this technique, a painful stimulus is evaluated in the absence and in the
presence of a second painful (conditioning) stimulus applied to a remote region of the body. In a
normally functioning nociceptive system, the amount of pain experienced with the primary test
stimulus will be reduced during presentation of the secondary conditioning stimulus.”7 Yarnitsky
stated that “low CPM efficiency was shown to be predictive of acute and postoperative pain, and,
in some reports, to be associated with neuropathic pain levels.“17 Many other researchers have
come to same conclusion that a decreased CPM capacity is considered a pathogenic factor that
could lead to increased pain sensitivity.
Development of pain sensitivity can be attributed to a wide variety of factors revolving
around “complex interactions between ethnic, psychophysical, psychological, genetic, and social
factors.”11 As a result, researchers and health practitioners alike have encountered barriers on
how to assess pain sensitivity because pain is incredibly subjective and every individual’s central
nervous system’s sensitivity to pain is highly variable. Also, in a critical review discussing CPM
and its influence on chronic pain by Lewis et al., it was determined that “the results are unable to
determine the chronology of the development of chronic pain and impaired pain modulation.
Potentially, the presence of an impaired endogenous pain inhibitory pathway may place people at
a greater risk of developing chronic pain conditions.”7 This poses a challenge because the
underlying steps attributing to central sensitization or a reduction in CPM that lead to chronic
pain have not been fully identified.
Current research has demonstrated that “chronic nociceptive stimuli result in cortical
relay of the motor output in humans and a reduced activity of the corresponding muscle.”9 This
indicates that individuals with chronic pain, who are experiencing central sensitization and CPM
reduction encounter more movement aberrations and inability to create successful motor
adaptations to environmental threats. A rising question is what happens to individuals with
chronic pain conditions who are already predisposed to higher pain sensitivity levels and how
would that impact motor adaptation to perturbations?
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The purpose of this study is to investigate the relationships between measures of central
sensitization and CPM and how they impact motor adaptations in individuals without chronic
pain conditions. To conduct this research, we decided to incorporate the “broken escalator
phenomenon,” which is the unusual feeling that occurs when an individual steps onto an
escalator or moving walkway that is broken and therefore not moving. The body responds with
an anticipatory response that includes increased trunk sway and increased forward speed. The
body adapts to the stationary walkway by reducing trunk sway and speed. Following that period
of adaptation, if the individual steps onto a walkway that moves, an aftereffect occurs, in which
the anterior trunk sway and forward speed is inadequate, thus eliciting the neuromuscular
adaption back to the baseline of the moving condition to occur. Our goal is to see if there is a
connection between sensory sensitivity and movement and muscle activation responses to the
conditions of the walkway in young healthy individuals. We hypothesize that people who have
high sensitivity to sensory input will have greater compensatory postural alignments and lower
rates of adaptation to the postural perturbation supplied by the conditions of the walkway. The
results of the study will provide key insight into pain mechanisms to researchers studying pain
and clinicians who treat patients with pain.
This paper summarizes the research plan developed for this study. Every aspect of this
research plan included considerations from prior research literature and pilot testing. Following
the description of the steps taken into developing the methods, the research plan in its entirety, is
presented.
When looking into the literature on the influence that pain has on motor adaptation, we
came across a paper about the Broken Escalator Paradigm, which describes this phenomenon as
the “sensation that when walking onto an escalator which is stationary one experiences an odd
sensation of imbalance, despite full awareness that the escalator is not going to move.”12 It
appeared that we could adjust this paradigm to fit into our laboratory environment and equipment
so we started a literature search to develop this paradigm into a research protocol.
The aspects of the research protocol that were studied included: inclusion criteria of the
participants, treadmill speed, number of trials, which muscles and which movements should be
recorded to best demonstrate motor adaptation during the paradigm, methods of analyzing the
data including which intervals of the paradigm would best demonstrate motor adaptation, and
how we were going to identify the start and end of the intervals.
Lastly, we had to demonstrate that motor adaptation would still take place if we replaced
the custom built mechanical sled used in the original research focusing on the broken escalator
paradigm with a treadmill attached to an extended stationary walkway.
Literature search on the Broken Escalator Phenomenon
The literature review was conducted using the search engines Cochrane, MedlinePubMed and Opus using the keywords “Broken Escalator Effect,” “Aftereffect,” “Motor
Learning,” “Central Sensitization,” “Pain Tolerance,” “Pain Sensitivity,” “Perturbations,”
“Neuroplasticity” and “Motor Response.” Scholarly journal articles were used only. The filters
included English language, publication that could be incorporated into our pilot study and they
are summarized in Table 1.
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Assessment of Methodologies:
In order to replicate this research study in the future, modifications had to be made in
order to accommodate the resources in the Motion Analysis Lab (MAL), which are listed below.
Pain Pressure Testing:
The first variable on which we focused in our pilot testing was the application of pressure
using the Pain Pressure Algometer (Commander, JTECH Medical, Midvale, UT). We need to
determine the location for pain testing and the rate of pressure application. After reading the
literature on pressure pain testing (PPT) we found that the location of pressure application is
highly dependent on the purpose of the study. For example, Arendt-Nielsen et al.1 reported on a
study in which they tested PPT on people with knee OA. They measured PPT on 8 locations
around the knee joint but they also tested over the common extensor tendon of the wrist
extensors and over the muscle belly of the tibialis anterior and started with sitting in an upright
chair, feet touching the floor and right arm outstretched on the table with the palm facing
downward. We practiced and determined a clear instruction set to make sure the subjects
understood the procedure. When applying the pressure of the algometer directly over the
common wrist extensor tendon, that was used in the Arendt-Nielsen article, we found it
challenging to maintain the accurate position at higher levels of pressure because it had a
tendency to “roll off” the edge, compromising the consistent application of pressure needed to
collect data during this portion of the study. We also tried the location of the second metacarpal
and the muscle bellies of the brachioradialis and flexor carpi ulnaris, where we experienced
similar issues. We then opted to test PPT over the extensor retinaculum in between the styloid
processes of the radius and ulna because of its flatter surface, ease of applying pressure
perpendicularly with a lower likelihood of “rolling off” the edge. Subjects were also able to
maintain a more comfortable arm position with this PPT location. We also tested the rate of
application of pressure and determined that 30 N/sec seemed appropriate.
Conditioned Pain Modulation Testing:
“Conditioned pain modulation (CPM) refers to the psychophysical procedure during
which one noxious stimulus (i.e., conditioning stimulus) inhibits or reduces the perception of a
second noxious stimulus (i.e., test stimulus) applied to a remote area of the body.”8 While
practicing the hand submersion in the ice bath and recording the level of pain based on the
Verbal Rating Scale we originally recorded the score every fifteen seconds for two minutes.
However, the subject was unwilling to keep her hand in the ice bath for 2 minutes, she removed
her from the ice bath after 1 minute. Therefore, we opted to use an immersion time of 1 minute,
and to have subjects report their pain on the VRS every 10 seconds. CPM was evaluated with the
conditioning stimulus being the pain pressure testing and the test stimulus being the ice bath.
Treadmill Speed
Based on the literature, speeds of the moving sled have ranged from 1.2 – 1.4 m/s.
Therefore, during our first pilot session, we set the treadmill speed at 1.2 m/s. However, we and
the subject felt that the speed was too fast. The subject was so apprehensive that her movement
pattern would have been affected to the extent that adaptation may not have been demonstrated.
We also did not want to expose her to undue anxiety so we reduced the treadmill speed to .71
m/s for the pilot session.
The response of our pilot subject to the speed used in the published papers was
unexpected. However, after further contemplation we believe that the speeds reported in the
literature may not have been the speeds of the moving sled when the subjects stepped on it. In
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the papers included in Table 1, when subjects stepped forward onto the sled, their leg broke an
infrared light beam that triggered the sled to start moving. Thus, the sled was most likely
moving slower than 1.2 m/s because it was still accelerating to its final speed when the subject’s
foot made contact.
After observing the 1.2 m/s speed, we returned to the literature to determine the speed of
escalators and moving walkways in airports. Based on the article published by Kusunamingtyas
et al.5 typical speeds of moving walkways are .61 m/sec, which was slightly slower than the
speed we used in our pilot collection. Thus, we opted to use a treadmill speed of .6 m/s for our
protocol because it would be suitable for a wide range of subjects.
Another factor that could have influenced the decision that 1.2 m/s was too fast for our
setup is the height of the treadmill deck that is 25 cm high. If the subject stepped onto the belt
moving at 1.2 m/s she would reach the end of the treadmill deck rather quickly thus would need
to jump off the end of the treadmill to avoid falling. Therefore we built a solid 60 x 120 cm
platform that is positioned lengthwise at the end of the treadmill deck. This allows subjects to
step onto the platform while their bodies decelerate which alleviates the worry of falling off the
treadmill.
The Treadmill Set-Up for the Broken Escalator Phenomenon:
The apparatus used by Reynolds et al. to simulate the
broken escalator was a custom designed sled that can be seen
in Figure 1. We realized that it would be possible to use a
treadmill to elicit the same motor behavior so a NordicTrack
1750 Commercial Treadmill was purchased (see Figure 2).
Figure 3 shows the location of the 8 cameras of the Qualisys
Motion Analysis System. The blue squares in the center
Figure 1
represent force platforms that are used during overground
activities. The yellow outline indicates the area of the room in which
MAL users typically collect marker data. Initially, we positioned the
treadmill perpendicular to the yellow outlined area in the Motion
Analysis Lab in order to minimize the effect of the large control panel
of the treadmill that could block the markers from the camera views.
However, it was then later discovered during data collection, that
markers placed on the shoulders were not visible by enough cameras
to accurately determine their 3-dimensional coordinates. Therefore the
Figure 2
control panel was removed from the treadmill and repositioned on a
connected rolling cart. The treadmill was repositioned to align with the force plates in a parallel
fashion, which put the subject in an ideal position where all the cameras can collect signals from
the reflective markers, as well as accurate surface EMG readings.

Figure 3
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In order to simulate the environment to elicit an aftereffect response similar to the one
experienced in the Broken Escalator Phenomenon, a stationary plate was connected to the
treadmill facing away from the front panel so the subject can safely step onto the moving
treadmill belt during the MOVING condition. The second reason why we removed the front
panel was because it was cumbersome and put the subject in a more restrictive position. To
ensure the safety and reduce the risk of an injury, the parallel
bars were kept on (see Figure 4).
To create a safe and effective transition from the
moving treadmill belt to a stationary platform to complete the
MOVING trials, a five-foot board was measured with attached
posts to be placed as closely as possible to the moving belt.
This would allow the subject to quickly and securely step off of
the moving treadmill belt to the stationary platform. We found
another alternative, which was connecting the end of the safety
Figure 4
magnet to the subject and if removed would turn off the treadmill
completely in time for when the subject stepped onto the second
platform. But the timing wasn’t fast enough between moving along the four-foot treadmill belt
and stopping in time to transition to the stationary platform. A spotter was used during this
process so safety of the subject wasn’t compromised.
Electrodes:
To record electromagnetic (EMG) activity, bipolar surface electrodes were positioned on
the muscle bellies of the biceps femoris, rectus femoris, gastrtocnemius, soleus, tibialis anterior
and paraspinals bilaterally. To ensure accuracy of electrode placement, we followed the
guidelines of Cram’s Introduction to Surface Electromyography. Maximum voluntary isometric
contractions (MVIC) will be recorded for every muscle and EMG performed by the subjects. To
normalize the EMG data in order to compare across trials, the MVIC EMG levels will be used. It
was discovered the prior studies used a faster treadmill speed, which in turn, produced a greater
reaction response by the subjects, so we didn’t expect the activation of the paraspinal electrodes
to occur. So to avoid confusion, the paraspinal electrodes were removed from the data analysis
collection.
Markers:
To track the movements during the trials, retroreflective markers will be positioned on
the C7 spinal segment, acromioclavicular joints bilaterally, iliac crest, medial and lateral aspects
of the knee, 1st and 5th metatarsal heads and medial/lateral malleoli. For the movement relating to
the thighs and shanks, four markers were positioned on thermoplastic shells, which will be put
on each segment. During the data collection, the cameras were not identifying the
acromioclavicular markers due to the position and height of the subject. Also during data
collection, the right shank markers were often mixed with the right thigh markers. This indicated
that the cameras and or marker positions were not optimal. To address the issue related to the
acromioclavicular markers, the treadmill is placed in a direction perpendicular to the force plates
and the markers were applied more distally the acromioclavicular joint bilaterally, which proved
to be a better position for more than 2 cameras to visualize them.
For the right shank markers, they have to be moved more anteriorly to be in better alignment
with the thigh markers to prevent distortion.
Intervals of Analysis:
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We used a schematic (Figure 5) to document what events we expect to see with the
surface EMG when the subject transitions to the MOVING trials. In Interval 1, with the left leg
in stance phase the right foot is lifted, activating the anterior tibialis to produce the necessary
ankle dorsiflexion and the gastrocnemius and biceps femoris muscles to create knee flexion to
translate the foot anteriorly off of the ground while the trunk is moving posteriorly to maintain
equilibrium. During Interval 2, the anterior translation is continued with increased activation of
the anterior tibilias for ankle dorsiflexion, initiation of the rectus femoris for knee extension and
the trunk is now moving more anteriorly to counteract the forces that can potentially shift the
center of mass. In the middle of Interval 2, the initial movement pattern transitions to the
contralateral (left) side. During this time frame, the left foot is lifted and translated anteriorly. In
Interval 3, the left anterior tibialis muscle is no longer activated with a shift to the gastrocnemius
to plantarflex the foot to maintain a neutral position, the rectus femoris continues to be activated
and the trunk generates a forward sway to compensate for the perturbations experienced at this
point and keep the body in equilibrium. For the purposes of recording and comparing the MVIC
EMG across sessions, we will be isolating four specific events: right foot is completely lifted off
the ground (LLoff), right heel makes contact with the ground (LLon), left foot is completely
lifted off the ground (TLoff) and left foot makes full contact with the ground (TLon).

Figure 5

Self-Reported Questionnaires:
To determine which self-reported pain outcome measures to use for the pilot study, we
used the “Highly Sensitive Person Scale” from the study by Aron and Aron2 found in the Journal
of Personality and Social Psychology and the Sensory Processing Quotient (SPQ) developed by
Tavassoli et al.15 in the Journal of Molecular Autism.
Participants will be asked to complete two self-reported pain questionnaires to determine
level of pain perception before and after the study. For the literature pertaining to the Broken
Escalator Effect, no subjective measures were taken pertaining to sensitivity or pain tolerance.
Through the literature review, an article pertaining to social psychology from 1997 by Aron and
Aron2 discussed the relationship between sensitivity of sensory processing and emotions, as well
as introversion. As a result, the “Highly Sensitive Person Scale” was created to identify an
individual’s level of sensitivity relating to environmental stressors. The questionnaire consists of
27 questions that can be scored from 1=strongly disagree to 5=strongly agree.
The Sensory Processing Quotient is the second questionnaire discovered through the
Journal of Molecular Autism that initially focused primarily on adults with Autism and
determining if an individual is experiencing hypersensitivity to various environmental stressors
or distractions. There are 92 questions total that can be scored from 1=strongly disagree to
5=strongly agree. See Appendix for both questionnaires.
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Protocol
Participants:
Gathering from the literature in Table 1, there little was noted about the criteria of
participants, except for that they were all healthy, within the ages of 18-41 and were naïve to
what the purpose of the research experiment was.
Based on the literature review, we will recruit participants from the undergraduate and
graduate programs at the University of New England. The inclusion criteria will consist of being
between the ages of 18-30, currently a student and in good health with no comorbidities or
history of mental illness.
They will sign an Informed Consent Form that will provide all the information to what
the study aims are. They will not be compensated financially in any way. They will fill out the
Highly Sensitive Person Scale and Sensory Processing Quotient before and after completing the
study. The study will take place in the Motion Analysis Lab at the University of New England.
Procedures:
We will assess the modulation of pain by measuring the pressure pain threshold and
tolerance using a pressure algometer (Algometer Commander JTECH Medical, Midvale, Utah).
Pressure will be applied slowly and the participant will be asked to state when the sensation
changes from pressure to pain and the amount of pounds of pressure will be recorded. Pressure
will continuously be applied until they state they cannot tolerate any more. That pressure will be
recorded for pain tolerance. Below are two pictures identifying what the algometer looks like
(Figure 6) and how it is applied to a subject (Figure 7).

Figure 6

Figure 7

Temporal summation of pain will be assessed by submerging the participant’s hand in an
ice bath for one minute while reporting their level of pain on the Verbal Rating Scale from 0-10
(0=no pain and 10=worst pain imaginable) every 10 seconds. The water will be at 0°C and will
be circulated to prevent warming of the water immediately surrounding the hand.
Bipolar surface electrodes will record the electromagnetic (EMG) activity of the biceps
femoris, rectus femoris, gastrocnemius, soleus and tibialis anterior bilaterally. Electrodes will be
placed according to the guidelines of Cram’s Introduction to Surface Electromyography.4
Subjects will be asked to perform maximum voluntary isometric contractions (MVIC) for each
muscle and EMG will be recorded. The MVIC EMG levels will be used to normalize the EMG
data to allow for comparison across sessions.
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Retroreflective markers will be placed on the C7 spinal segment, acromioclavicular joint,
iliac
ac crest, medial and lateral aspects of the knee, 1st and 5th metatarsal heads and medial/lateral
malleoli to track movements. Four markers placed on thermoplastic shells, will be placed on
each segment to track the segment during the trials.
The participant
nt will stand on a treadmill facing the rear of the treadmill and step onto the
treadmill belt. For the first 20 trials the belt will be stationary (BEFORE condition),
ondition), in the next
20 trials the belt will be moving at 0.65 m/s (MOVING ccondition)
ondition) and in the final 20 trials the
belt will be stationary (AFTER ccondition). A landing platform will be positioned at the end of
the treadmill deck so subjects can step onto it at the end of the trial. Subjects will wear athletic
shoes on in order to reduce friction and the likelihood of a fall when stepping onto the treadmill
belt. Below is a picture (Figure 8) of what the treadmill apparatus looks like.

Figure 8

Data Collection and Processing:
The marker and EMG data
ata will be recorded usi
using an 8-camera 3D motion analysis
system (Qualysis, Gothenburg, Sweden). Marker data will be captured at 100 Hz and EMG data
at 2000 Hz. Kinematic and EMG data will be processed using Visual3D (C
(C-motion,
motion,
Germantown, MD). EMG data will be band pass filtere
filtered
d with a bidirectional, low pass,
Butterworth filter with cutoff frequencies of 20
20-400
400 Hz using Visual3D Software (C-Motion,
(C
Germantown, MD). The filtered data will be rectified and low pass filtered with a bidirectional,
low pass, Butterworth filter with a cutoff frequency of 10 Hz to create EMG linear envelopes.
Variables will be calculated from the linear envelopes. Below is a picture (Figure 9) displaying
how the camera lens will focus on the subject’s body markers. Marker data will be low pass
filtered with a bidirectional, low pass, Butterworth filter with a cutoff frequency of 6 Hz.
Tracking markers will identify an orthogonal coordinate system for each segment. Angles will be
used calculate the 3D joint angles of the trunk, hip, knee and ankle joints
joints.. All joint will be
referenced as the distal segment relative to the proximal segment with the angle sequence of
rotations following a X-Y-Z
Z convention.

Figure 9
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